Introduction {#s0005}
============

Senescent cells secrete several proinflammatory factors, such as cytokines, growth factors, proteases, and chemokines, which are collectively termed the SASP \[[@bb0005],[@bb0010]\]. SASP-activated senescent cells have tumor suppressive functions, preventing cancer cell growth, but can also induce cancer cell genomic instability and remodel the tumor microenvironment in either an autocrine or paracrine manner \[[@bb0015]\]. The SASP is activated by the cGAS-cGAMP-STING pathway, in which cytosolic DNA was recognized and combined by cGAS, catalyzing GTP and ATP to form 2′,3′-cGAMP, which then activates STING, enabling the downstream activation of nuclear factor kappa B and CCAAT enhancer binding protein beta, thereby inducing the production of proinflammatory factors such as type I interferon \[[@bb0020], [@bb0025], [@bb0030]\].

DNA-triggered cGAS activation is a crucial initial step in the pathway, which is believed to occur in the cytoplasm, as STING is a transmembrane protein that is usually anchored in the endoplasmic reticulum network. Therefore, free cytosolic DNA is considered the main initiator of this pathway, and micronuclei (MN) are believed to be its major source. MN, which contain DNA, are encapsulated by nuclear membranes, and may or may not be contiguous with the main nucleus, are prevalent in human cancer cells \[[@bb0035]\]. MN formation is a pivotal sign of DNA damage and genetic instability \[[@bb0040],[@bb0045]\]. Several possible fates have been postulated for MN, including extrusion, reincorporation, degradation, and persistence, but two additional fates, chromothripsis and SASP activation, have been increasingly discussed \[[@bb0050]\]. However, the exact mechanism by which MN mediate cGAS-STING activation remains unclear.

NAT10 is a nucleolar protein that contains an acetyltransferase domain and a tRNA binding domain. NAT10 has histone acetylation activity and participates in the regulation of human telomerase reverse transcriptase. It is also involved in the DNA damage response and regulates cytokinesis \[[@bb0055],[@bb0060]\]. NAT10 is highly expressed in various human cancers, and interestingly, its translocation from the nucleus to the cytoplasm or membrane promotes invasion and metastasis in CRC cells \[[@bb0065]\]. More recently, the chemical inhibition of NAT10 was reported to ameliorate nuclear lobulation, MN formation, and senescence in Hutchinson-Gilford progeria syndrome cells \[[@bb0070]\]. In this study, we reveal that NAT10 is involved in MN formation and activates SASP activity in CRC, expanding our understanding of the role of NAT10 in CRC carcinogenesis and progression.

Materials and Methods {#s0010}
=====================

Plasmid Construction and Reagents {#s0015}
---------------------------------

cGAS (NM_138441) tagged with a C-terminal 3 × FLAG tag was purchased from YouBio Biotechnology (Changsha, HN, China). GFP-RPA43 (\#17659) was purchased from Addgene (Cambridge, MA, UK). GFP-NAT10 (Full length), Flag-NAT10 (Full length) and a rabbit polyclonal antibody against human NAT10 have been previously described \[[@bb0065]\]. Transient transfection was carried out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s recommendations. Nuclear Fast Red Staining Solution (0.1%; G1320) and DAPI (C0060) were purchased from Solarbio (Beijing, China). Remodelin (S7641) and CX-5461 (S2684) were purchased from Selleck (Houston, TX, USA). Actinomycin D (15021) was purchased from Cell Signaling Technology (Danvers, MA, USA). Nocodazole (M1404) and cobalt chloride (CoCl~2~, C8661) were purchased from Sigma Aldrich (St Louis, MO, USA). Hydrogen peroxide (H~2~O~2~, KHJ001) was purchased from Rockland (Gilbertsville, PA, USA). Exonuclease III (EN0191) was purchased from Fermentas (Burlington, Ontario, Canada). BrdU (5-bromo-2′-deoxyuridine) (ab142567) was purchased from Abcam (Cambridge, MA, UK). The used primary antibodies were listed in Supplementary Table 1.

Cell Culture and Treatment {#s0020}
--------------------------

Colorectal cancer cells (LoVo, HCT116) were purchased from the National Infrastructure of Cell Line Resource. Cells were maintained in Dulbecco\'s modified Eagle\'s medium with high glucose (Gibco, Life Technologies) supplemented with 10% foetal bovine serum. Cells were incubated in a humidified atmosphere with 5% CO~2~ at 37 °C. For cell treatments, 20 μM Remodelin, 0.4 mM H~2~O~2~, or 200 μM CoCl~2~ were added. For long-term treatment (3 weeks), HCT116 cells were cultured with 0.2 mM H~2~O~2~.

Cell co-culture experiments were performed using 0.4-μm inserts (BD Biosciences). Control and NAT10 shRNA-transfected LoVo cells (1 × 10^5^) were suspended in 0.2 mL complete medium and loaded into the upper chambers, while LoVo cells (1 × 10^6^) were suspended in 0.2 mL complete medium and loaded into the lower chambers. To examine paracrine effects, cells in the upper and lower chambers were cocultured for 3 days, and cells in the lower chamber were analyzed by western blotting and SA-β-gal staining.

Lentivirus-Mediated shRNA {#s0025}
-------------------------

Lentivirus-mediated NAT10 (shNAT10) and control (NC) shRNA were purchased from Shanghai GenePharma. For cell infection, viral supernatants were transduced into LoVo cells and supplemented with 50 μg/mL polybrene (Sigma, St. Louis, MO, USA) for 3 days after transfection. Cells were then selected with puromycin (2 μg/mL) for 3 d and maintained in 0.2 μg/mL puromycin. The expression of NAT10 was verified by immunofluorescence and western blotting.

Western Blotting {#s0030}
----------------

Total cell lysates were obtained by incubating the cells in 0.5% NP40 Lysis Buffer for 30 min on ice. After centrifugation at 10,000×*g* for 10 min at 4 °C, the supernatant was collected and stored at −20 °C for subsequent analysis. Western blotting was performed as described \[[@bb0075]\], using polyvinylidene difluoride membranes (Millipore), nonfat dry milk (BD Biosciences), bovine serum albumin (Sigma), and peroxidase-conjugated goat anti-rabbit and goat anti-mouse IgG (Origene). Band intensities from three independent experiments were quantified by optical density using Lab-Works 4.6 software (Bio-Rad). β-Actin was used as an internal control. The used primary antibodies were listed in Supplementary Table 1.

CRISPR-Mediated Deletion of NAT10 {#s0035}
---------------------------------

Deletion of *NAT10* was mediated by LentiCRISPR v2 (Addgene, Cambridge, MA, UK), containing expression cassettes for *Streptococcus pyogenes* CRISPR-Cas9, and a chimeric guide RNA (5′-GTGAGTTCATGGTCCGTAGG-3′) selected using the Guide Design Resources at <http://crispr.mit.edu> to target exon 5 of *NAT10*. Transfection was performed using Lipofectamine 2000 (Thermo Fisher Scientific, MA, USA), according to the manufacturer\'s instructions. Generation of the *NAT10+/−* cell line was performed as previously described \[[@bb0080]\]. *NAT10* deletion was detected by western blotting, immunofluorescence, and DNA sequencing using primers flanking exon 5 (forward: 5′-GTCCTTTGGGTTGCTATTTG-3′, reverse: 5′-GCTCTTAGCCCA GAGGCTGT-3′). Clones containing the desired mutation were used in downstream studies.

Immunofluorescence {#s0040}
------------------

Immunofluorescence was performed as previously described \[[@bb0085]\], using IgG, Alexa Fluor 488, or tetramethyl rhodamine isothiocyanate (TRITC)-conjugated secondary antibodies (Origene). Nuclei were counterstained with DAPI (Origene) for 10 min. For RPA foci immunodetection, cells were pre-extracted twice with pre-extraction buffer (20 mM HEPES, pH 7.9, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl~2~, and 0.5% Triton X-100) for 10 min on ice before fixation \[[@bb0090]\]. Images were acquired on a fluorescence microscope (Model CX51; Olympus, Tokyo, Japan) and Photoshop version 7.0 (Adobe Systems Inc.) was used to analyze the results.

Cell Cycle Assay {#s0045}
----------------

1 × 10^6^ of cells were fixed with cold 70% ethanol and incubated overnight at 4 °C. After washed with PBS for two times (800 rpm, 5 min), cells were stained with propidium iodide (10 μg/mL) contained with RNase A (100 μg/mL) in PBS for 30 min at 37 °C. Cells were applied to flowcytometry using the Cell Quest software package (Becton--Dickinson FACScalibur, USA).

BrdU Incorporation Assay {#s0050}
------------------------

BrdU incorporation assays were performed as described \[[@bb0095]\]. Briefly, BrdU (10 μM) was added to the culture medium for 30 min before analysis. For immunofluorescence, cells were fixed with 4% formaldehyde, permeabilised with 0.1% Triton X-100, and denatured with 20 mM HCl in 150 mM NaCl and 3 mM KCl for 20 min at 25 °C. Cells were then incubated with a primary antibody mixture composed of primary antibodies (targeting BrdU and either RPA2, NAT10, or Lamin B1) and exonuclease III (0.4 U/μL) in exonuclease III buffer (66 mM Tris--HCl, pH 8.0 and 0.66 mM MgCl~2~) for 30 min at 37 °C, then with secondary antibodies together with DAPI (10 μM) in 25 mM Tris--HCl, pH 7.5 and 150 mM NaCl for 30 min at 37 °C. For flow cytometry, 1 × 10^6^ of cells were fixed with cold 70% ethanol and incubated overnight at 4 °C. Fixed cells were denatured with 20 mM HCl in 150 mM NaCl and 3 mM KCl for 20 min at 25 °C and neutralized with exonuclease III buffer for 10 min at 25 °C. Cells were then incubated with a primary antibody mixture composed of exonuclease III (0.4 U/μL), RNase A (100 μg/mL) and primary antibody in exonuclease III buffer for 30 min at 37 °C, then with a secondary antibody (IgG/Alexa Fluor/488) mixture containing propidium iodide (10 μg/mL) in 25 mM Tris--HCl, pH 7.5 and 150 mM NaCl for 30 min at 37 °C. Cells were applied to flowcytometry using the Cell Quest software package (Becton--Dickinson FACScalibur, USA). The used primary antibodies were listed in Supplementary Table 1.

SA-β-Gal Staining {#s0055}
-----------------

A SA-β-gal staining kit (Genmed Scientifics, USA) was used according to the manufacturer\'s instructions. Cells (500) in random fields were counted and the percentage of SA-β-gal-positive cells was calculated. The experiments were repeated three times.

Patients and Tissue Specimens {#s0060}
-----------------------------

We collected 140 surgically resected cases of CRC, obtained from 2012--2013, from the archives of the Department of Pathology of the First Hospital Peking University. None of the patients received preoperative chemotherapy. Sections (4-μm thick) that had been fixed in 4% buffered formalin and embedded in paraffin) were stained with hematoxylin and eosin for histological diagnosis, typing, and grading. Each patient\'s age, sex, depth of invasion, lymphatic invasion, distant organ metastases, presence of poorly differentiated clusters (PDCs), TNM stage, and modified Dukes stage were obtained by reviewing their medical charts and pathologic records. The cohort contained 83 men and 53 women, with a median age of 64.5 years (range: 30--91 years). Patients with stage III or higher CRC received adjuvant chemotherapy. The OS of patients with stages I--III CRC were evaluated. Recurrence occurred in 30.8% (37/120) of patients, and 27.5% (33/120) died of recurrence during the follow-up period. This study was approved by the Peking University Institutional Review Board and ethics committee prior to its onset. All human tissues were collected in accordance with protocols approved by the Ethics Committee of the Peking University Health Science Center, and informed consent was obtained from all patients.

Tissue Microarray and Immunohistochemistry {#s0065}
------------------------------------------

Tissue microarrays containing seven cases each were prepared and immunohistochemistry was performed as previously described \[[@bb0100]\]. Lamin B1 was used to mark the nuclear membranes and MN. Neutrophil nuclei were used as internal staining references. MN was counted under 100× magnification. The formation of MN was graded into three categories, respectively. MN: weak: 0--10% positive cells, moderate: 10--20% positive cells, and high: ≥ 20% positive cells.

NAT10 staining displayed nucleolar, nuclear, cytoplasmic, membranous, and combined patterns and was analyzed individually. cGAS and STING were considered positive in the cytoplasm, while only nuclear staining of IRF3 or HIF1A was recorded as positive. Immunostaining results were categorized into four groups: negative (−), 0--10% positive cells; weakly positive (+), 10--25% positive cells; moderately positive (++), 25--50% positive cells; and highly positive (+++), ≥50% positive cells. Stained slides were reviewed separately by three independent reviewers who were blinded to the clinical data.

Statistical Analysis {#s0070}
--------------------

All statistical analyses were performed using SPSS (Version 17.0, Chicago), Microsoft Excel 2007, and GraphPad Prism software. For data in immunohistochemistry analysis, Relationships between tumor markers and other parameters were studied using the chi-square test, Fisher exact test or the independent *t* test when appropriate. OS curves were plotted using the Kaplan--Meier method and compared with log-rank tests. For data in all cellular experiments, student *t* test was used for the comparison of two groups. Statistical comparisons between multiple groups were analyzed using the one-way ANOVA. Experiments were repeated three times independently. Data were expressed as means ± SEM. All statistical tests were two-sided, and Significance was taken as, \**P* \< .05, \*\**P* \< .01, and \*\*\**P* \< .001.

Results {#s0075}
=======

NAT10 is Involved in MN Formation in CRC Cells {#s0080}
----------------------------------------------

NAT10 was generally stained in cellular nucleolus and nucleoplasm as previously described \[[@bb0105]\], and besides, almost all MN were positive for NAT10 in LoVo or HCT116 cells ([Figure 1](#f0005){ref-type="fig"}*A*), of which their spontaneous MN were observed in 8--13% of cells. Like normal nuclei, NAT10-positive MN generally contained DNA and LaminB1 or A/C, the nuclear lamina proteins, as well as other nuclear envelope components, including LBR (LaminB receptor), nuclear pore complex components (MAB414, nucleoporin 153), nuclear basket protein TPR (translocated promoter region), and integral membrane components (Sun2 and nesprin2) (Supplementary Figure S1*A*, Supplementary Table 2). Interestingly, NAT10 staining revealed nucleolus-like regions of varying size in some MN ([Figure 1](#f0005){ref-type="fig"}*A*), which was co-stained with B23 (or NPM1, nucleophosmin 1) (Supplementary Figure S1*B*). In addition, the transfection of LoVo cells with GFP-RPA43, a subunit of DNA-directed RNA polymerase I, revealed a co-localization with NAT10 in nucleoli and MN (Supplementary Figure S1*C*). While treatment with either AMD (actinomycin D) or CX-5461 (RNA polymerase I inhibitor) induced dispersal of these nucleolar MN structures, as in the host nucleoli (Supplementary Figure S1*B*), implying the active transcription of rDNA in the MN.Figure 1**NAT10 localized in MN and involved in MN formation in colorectal cancers cells.** (A) NAT10 localized in MN of colorectal cancers cells. LoVo or HCT116 were double staining of NAT10 (green) and LaminB1 (red). (B) Ectopic expression of NAT10 promoted MN formation. LoVo cells were transfected with GFP-NAT10 or GFP-C3 plasmid for 24 h, respectively, and were immunostaining of LaminB1. MN in transfected cells were counted and calculated as percentage of total transfected cells. (C) Inhibition of NAT10 decreased MN formation. LoVo (or HCT116) cells were treated with DMSO or Remodelin (20 μM) for 24 h and double staining was performed with NAT10 (green) and LaminB1 (red). MN in each of groups of cells were counted and calculated as percentage of total cells, respectively. The immunofluorescent images from LoVo cells. (D) Down-regulation of NAT10 reduced MN formation. Control shRNAs (NC) and shNAT10 cells (LoVo and HCT116) were subjected to double staining with NAT10 (green) and LaminB1 (red). MN in each of groups of cells were counted and calculated as percentage of total cells, respectively. (E) Genomic depletion of NAT10 reduced MN formation. The expression of NAT10 in LoVo and corresponding CRISPR-Cas9 edited cells (NAT10+/−) were measured by Western blotting, and the formation of MN in these cells were analyzed by immunofluorescent staining of NAT10 (green) and LaminB1 (red). MN in cells was counted and calculated as percentage of total cells, respectively. Scale bars represent 40 μm. The results are the representative of repeated experiments.Figure 1

To further explore the functional involvement of NAT10 in MN formation, cells were subjected to conditions with over-or down regulation of NAT10 and the consequent MN was analyzed, respectively. GFP-NAT10 was transfected into LoVo cells. Ectopic expression of GFP-NAT10 increased MN formation in LoVo and HCT116 cells ([Figure 1](#f0005){ref-type="fig"}*B*). Consistently, LoVo or HCT116 treated with the NAT10 inhibitor Remodelin (20 μM), displayed markedly reduced MN formation ([Figure 1](#f0005){ref-type="fig"}*C*). In addition, stable cell lines expressing shNAT10 displayed decreased MN formation ([Figure 1](#f0005){ref-type="fig"}*D*). To confirm this, CRISPR-based gene editing was used to knockout NAT10 expression in LoVo cells (NAT10+/− cells). NAT10 knockout was verified by immunofluorescence ([Figure 1](#f0005){ref-type="fig"}*E*), Western blotting (Figure 1*E*), and sequencing of *NAT10* exon 5 (Supplementary Figure S1*D*). Compared with control cells (LoVo), NAT10+/− cells displayed reduced MN formation ([Figure 1](#f0005){ref-type="fig"}*E*).

Since interference with mitosis can induce MN formation, cells with or without Remodelin treatment were treated with Nocodazole (200 ng/mL) and MN formation was analyzed. Nocodazole-induced MN were significantly reduced in Remodelin-treated cells (Supplementary Figure S1*E*). Similarly, NAT10+/− cells also revealed decreased Nocodazole-induced MN formation (Supplementary Figure S1*F*).

Taken together, these results indicate that in CRC cells, NAT10 should be involved in the formation of MN that may contain nucleolar activity.

NAT10 Mediates MN Formation Through Regulation of DNA Replication {#s0085}
-----------------------------------------------------------------

MN formation usually results from errors in DNA replication or mitosis. To further investigate the mechanism by which NAT10 mediates MN formation, the distribution of cell cycle of cells (LoVo and HCT116) treated with Remodelin were evaluated by flow cytometry. Both cell lines displayed decreased S phase cells after 24 h Remodelin treatment compared with control cells (Supplementary Figure S2*A*). Similarly, a marked reduction in S phase cells was observed in NAT10+/− cells compared with LoVo cells ([Figure 2](#f0010){ref-type="fig"}*A*).Figure 2**Down-regulation of NAT10 reduced DNA replication.** (A) Genomic depletion of NAT10 induced cell cycle arrest. LoVo and NAT10+/− cells were subjected to cell cycle analysis and was analyzed by propidium iodide (PI) staining and flow cytometry. (B) Down-regulation of NAT10 reduced BrdU incorporation of cells. LoVo and NAT10+/− cells were treated with 10 μM BrdU for 30 min and were subjected to flow cytometry after staining of BrdU and PI, or to (C) Double staining of LaminB1 (green) and BrdU (red), respectively. Positive staining of BrdU was counted and calculated as percentage of total cells. At the same time, LoVo cells under the treatment of DMSO and Remodelin (20 μM) for 24 h were further chased with 10 μM BrdU for 30 min, and after double staining of LaminB1 and BrdU positive staining of BrdU was counted and calculated as percentage of total cells. (D) Genomic depletion of NAT10 reduced DNA damage response of cells. LoVo and NAT10+/− cells were doubly stained by NAT10 with either γH2AX or p-ATR. The staining intensity of γH2AX, p-ATR were measured, respectively. Scale bars represent 40 μm (C, D). (E) Genomic depletion of NAT10 altered histone modification of cells. The levels of histone core, acetylated lysine and methylated lysine in LoVo and NAT10+/− cells were measured by Western blotting. The results are the representative of repeated experiments.Figure 2

To confirm that the reduced MN formation upon down regulation of NAT10 is due to changes in DNA replication, BrdU incorporation assays were performed in NAT10 inhibited cells. NAT10+/− cells, the reduction of S phase population in cell cycle was consistent with their decrease of DNA replication by approximately 50% ([Figure 2](#f0010){ref-type="fig"}*B*). With compared to control cells, BrdU positivity was significantly decreased in NAT10 inhibited cells by either gene editing (NAT10+/−) ([Figure 2](#f0010){ref-type="fig"}*C*, *p* = .0138) or Remodelin treatment ([Figure 2](#f0010){ref-type="fig"}*C*, *p* = .027). At the same time, NAT10 inhibited cells by Remodelin treatment or gene editing revealed decreased levels of γH2AX and decreased phosphorylation of ATR and ATM ([Figure 2](#f0010){ref-type="fig"}*D*, Supplementary Figure S2B, S2*C*) compared with control cells. The results suggest that down regulation of NAT10 reduces both DNA replication and associated damage responses.

Since NAT10 can acetylate histones, which posttranslational modification plays a critical role in DNA replication, total levels of acetylated histones were measured in status of downregulation of NAT10. Not surprisingly, acetylated histones were decreased when NAT10 was inhibited by Remodelin treatment or gene editing ([Figure 2](#f0010){ref-type="fig"}*E*, Supplementary Figure S2*D*), while displayed increased in histone methylation ([Figure 2](#f0010){ref-type="fig"}*E*, Supplementary Figure S2*D*). These results implied that the balance between histone acetylation and methylation could be involved in NAT10 regulated DNA replication.

NAT10-Related MN Activates SASP Signaling in CRC Cells {#s0090}
------------------------------------------------------

MN and cytosol free DNA fragments are believed to be able to trigger SASP signaling by activating the cGAS-STING pathway, in which upon binding free DNA cGAS synthesizes cGAMP, which activates STING \[[@bb0110], [@bb0115], [@bb0120]\]. Thus, the effects of NAT10-associated MN on SASP activation in CRC cells were investigated. Actually, cGAS was detected to co-localize with 20--30% of NAT10-positive MN in either LoVo or HCT116 cells ([Figure 3](#f0015){ref-type="fig"}*A*). In further, co-transfection of GFP-NAT10 and FLAG-cGAS also revealed their co-localization in MN ([Figure 3](#f0015){ref-type="fig"}*B*). More importantly, cGAS positive MN was usually also positive for γH2AX (Supplementary Figure S3*A*) or/and 53BP1 ([Figure 3](#f0015){ref-type="fig"}*C*), while inhibition or down regulation of NAT10 could result in reduction of γH2AX-labeled MN (Supplementary Figure S3*A*). There were consistent correlations between MN positive for cGAS, γH2AX and 53BP1 and the frequency of Senescence-associated β-gal (SA-β-gal) stained cells, at approximately 5% ([Figure 3](#f0015){ref-type="fig"}*D*). As expected, NAT10 inhibition through either Remodelin treatment or gene editing markedly reduced MN formation, cGAS- and γH2AX-positive MN, in parallel with decreased SA-β-gal-positive cells. At the same time, the expressions of key SASP factors, including STING and IRF3 or their activation of phosphorylation (p-STING and p-IRF3), were markedly decreased when NAT10 was inhibited either by Remodelin treatment (Supplementary Figure S3*B*) or gene ([Figure 3](#f0015){ref-type="fig"}*E*).Figure 3**NAT10 related MN activated SASP signaling.** (A) The co-localization of cGAS with NAT10 in some MN of cells. LoVo cells were doubly stained with NAT10 (green) and cGAS (red). (B) The co-localization of ectopic cGAS and NAT10 in MN of cells. LoVo cells were co-transfected with GFP-NAT10 and Flag-cGAS for 24 h and immunofluorescence staining was performed with Flag antibody. (C) The co-localization of cGAS with 53BP1 in some MN of cells. Double staining was performed with 53BP1 (green) and cGAS (red) antibodies in LoVo cells. (D) Down-regulation of NAT10 reduced senescence of cells. LoVo and NAT10+/− cells were subjected to SA-β-gal staining and positive cells were counted and calculated as percentage of total cells, respectively. (E) Down-regulation of NAT10 reduced the levels of SASP associated factors. The level of NAT10, STING, p-STING, IRF3, p-IRF3 and γH2AX in LoVo and NAT10+/− cells were respectively measured by Western blotting. (F, G, H) Down-regulation of NAT10 reduced the paracrine effects of SASP. A co-culture assay as in (F) schematic representation was used. LoVo cells were cultured in a six-well plate and co-culture cells (NC and shNAT10) were seeded on the inserts. (G) LoVo cells were co-cultured with NC or shNAT10 cells for 3 days, and the levels of NAT10, cGAS and STING were measured by Western blotting, or subjected to SA-β-gal staining and positive cells were counted and calculated as percentage of total cells, respectively (H). The results are the representative of repeated experiments.Figure 3

On another hand, LoVo or HCT116 cells treated with either AMD or CX-5461 presented a reduction of SA-β-gal stained cells (Supplementary Figure S3*C*), indicating that the transcription of rDNA should be involved in interaction between MN and cGAS-STING.

To further prove the influence of NAT10 on the paracrine effects of SASP signaling, an indirect co-culture assay was performed, in which colorectal cancer cells (LoVo or HCT116) were separately co-cultured with control LoVo cells, a stable LoVo cell line expressing shNAT10, or medium alone for 3 days ([Figure 3](#f0015){ref-type="fig"}*F*). cGAS and STING levels were decreased in LoVo cells co-cultured with shNAT10 cells compared with those co-cultured with control cells or medium alone ([Figure 3](#f0015){ref-type="fig"}*G*). SA-β-gal staining was also reduced in colorectal cancer cells (LoVo or HCT116) co-cultured with NAT10 inhibited (shNAT10 or NAT10+/−) cells compared to those co-cultured with either medium only or control cells ([Figure 3](#f0015){ref-type="fig"}*H*, Supplementary Figure S3*D*).

These results indicate that NAT10-related MN could activate cGAS-STING, cellular senescence and SASP signaling in CRC cells.

Cell Stress Stimulates the Effects of NAT10 on MN Formation and SASP Signaling in CRC Cells {#s0095}
-------------------------------------------------------------------------------------------

Our previous research demonstrated that NAT10 expression could be upregulated in oxidative stress or DNA damage \[[@bb0055]\]. To further explore the role of NAT10 in MN formation and SASP signaling under cell stress, cells were treated with H~2~O~2~ or CoCl~2~. Long-term culture (3 weeks) of HCT116 cells with H~2~O~2~ (0.2 mM) increased the levels of NAT10, cGAS, STING, and p-IRF3 ([Figure 4](#f0020){ref-type="fig"}*A*), and increased SA-β-gal staining ([Figure 4](#f0020){ref-type="fig"}*B*), indicating increased SASP activation. MN formation was also elevated in H~2~O~2~-treated cells, but not in NAT10 knockdown cells ([Figure 4](#f0020){ref-type="fig"}*C*). Furthermore, when hypoxia was induced by CoCl~2~ (200 μM) treatment of LoVo cells for 36 h, NAT10, cGAS, STING and SA-β-gal staining increased with increased expression of HIF1A ([Figure 4](#f0020){ref-type="fig"}, *D* and *E*). Similarly, increased MN formation was also apparent in CoCl~2~-treated cells, but not with NAT10 knockdown cells ([Figure 4](#f0020){ref-type="fig"}*F*). Both γH2AX and RPA2 foci were dramatically increased in H~2~O~2~ (0.4 mM)-treated LoVo cells, but not in NAT10 inhibited cells either by Remodelin treatment or gene editing ([Figure 4](#f0020){ref-type="fig"}, *G* and *H*). Moreover, H~2~O~2~-treated LoVo cells displayed increased phosphorylation of the upstream kinases of γH2AX and p-RPA2, ATM serine/threonine kinase and ATR serine/threonine kinase, suggesting increased DNA damage and replication stress, while NAT10+/− cells did not ([Figure 4](#f0020){ref-type="fig"}*I*).Figure 4**Cell stress stimulated the effects of NAT10 on MN formation and SASP signaling**. (A) The oxidative stress stimulated the level of NAT10 and SASP associated activities. HCT116 cells, under treatment of H~2~O~2~ (0.2 mM) for 3 weeks, were subjected to measuring the level of NAT10, cGAS, STING and p-IRF3 were analyzed by Western blotting, and SA-β-gal staining (B), and SA-β-gal-positive cells were counted and calculated as percentage of total cells, respectively (B). (C) Down-regulation of NAT10 reduced the effects of oxidative stress on MN formation. NC and shNAT10 cells were treated with H~2~O~2~ (0.4 mM) for 24 h, respectively, and NAT10 (green) and LaminB1 (red) were doubly stained. The formed MN in each group of cells were counted and calculated as percentage of total cells, respectively. (D) Hypoxia stimulated the level of NAT10 and SASP associated activities. LoVo cells were treated with CoCl~2~ (200 μM) for 36 h, were subjected to measuring the level of NAT10, HIF1A, cGAS and STING, and SA-β-gal staining (E), and SA-β-gal-positive cells were counted and calculated as percentage of total cells, respectively. (F) Down-regulation of NAT10 reduced hypoxia-induced MN formation. NC and shNAT10 were treated with CoCl~2~ (200 μM) for 36 h, respectively, and NAT10 (green) and LaminB1 (red) were doubly stained. The formed MN in each group of cells were counted and calculated as percentage of total cells, respectively. (G) Down-regulation of NAT10 reduced oxidative stress induced DNA damage response. LoVo and NAT10+/− cells were treated with DMEM or H~2~O~2~ (0.4 mM) for 24 h, and were double staining of LaminB1 (green) and γH2AX (red). (H) Inhibition of NAT10 reduced oxidative induced replication stress. LoVo cells were treated with H~2~O~2~ (0.4 mM) with or without Remodelin (20 μM) for 24 h, and were double staining of NAT10 (green) and RPA2 (red). Positive RPA2 cells were counted and calculated as percentage of total cells, respectively. (I) Genomic depletion of NAT10 reduced oxidative-induced replication stress. LoVo and NAT10+/− cells were treated with DMEM or H~2~O~2~ (0.4 mM) for 24 h, and the levels of NAT10, p-ATM, p-ATR, p-RPA2, RPA2, γH2AX were analyzed by Western blotting, respectively. The results are the representative of repeated experiments.Figure 4

These results demonstrated that cell stress responses were dependent on NAT10, which up-expression could stimulate MN formation and activate SASP signaling by accelerating DNA replication and related damage.

Correlations Between NAT10 Expression and MN Formation, SASP Signaling, and Clinicopathological Features of CRC {#s0100}
---------------------------------------------------------------------------------------------------------------

To examine the correlations between NAT10 expression, MN formation, and SASP signaling activation in CRC, the expression of NAT10, HIF1A, cGAS, STING, and IRF3 and the frequencies of MN were analyzed in 140 surgically resected CRC samples. The results are summarized in [Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}.Table 1The mutual correlations between NAT10, MN, cGAS, STING, IRF3 and HIF1A.Table 1MNcGASSTINGIRF3HIF1A*P value*^*a*^ (Spearman *r*)\
(1) (2)NAT100.096 (0.095)0.068 (0.184)0.040\* (−0.181)0.066 (0.185)0.021\* (0.203)MN0.402 (0.074)0.518 (0.048)0.055 (0.168)0.065 (0.161)cGAS0.028\* (0.194)0.924 (−0.008)0.737 (0.030)STING0.405 (−0.073)0.870 (−0.014)IRF30.006\* (0.195)[^1][^2][^3]Table 2The correlations between NAT10, MN, cGAS, STING, IRF3, HIF1A and clinical features.Table 2NAT10MNcGASSTINGIRF3HIF1AHistological grading0.038\*0.8890.4570.2090.2010.293PDC0.0030.001^+^0.9850.2870.3180.221Invasion depth0.1560.0830.4860.2270.1030.616Lymph node metastasis0.343\< 0.001\*0.9420.8320.1520.814Distant metastasis0.046\*0.5590.2400.8340.043\*0.933TNM stage0.2600.049\*0.6710.9280.1020.811Duke stage0.3260.0830.5600.8570.1830.962[^4]

The staining of NAT10 presented in the nucleus, cytoplasm, membrane or combined, respectively ([Figure 5](#f0025){ref-type="fig"}*A*, Supplementary Figure S4*A*). The expression of NAT10 levels were significantly correlated with histological grading (*P* = .038) and distant metastasis (*P* = .046) ([Table 2](#t0010){ref-type="table"}). And as previously reported \[[@bb0065]\], there was a slight but insignificant decrease in OS in patients with CRC that were positive for NAT10 membrane staining ([Figure 5](#f0025){ref-type="fig"}*B*, *p* = .064). In addition, NAT10 positivity correlated with strong HIF1A staining (*P* = .021) and correlated with STING expression (*P* = .040) ([Table 1](#t0005){ref-type="table"}), while NAT10 was somewhat related to levels of cGAS (*P* = .068) and IRF3 (*P* = .066) ([Table 1](#t0005){ref-type="table"}).Figure 5**The correlations between expression of NAT10 and MN formation, SASP signaling in clinical colorectal cancers.** (A) Representative images of immunostaining of NAT10 in CRC tissues (nuclear and membrane positive). (B) Overall survival (OS) of patients with CRC exhibiting different levels of membranous NAT10 expression as determined by Kaplan--Meier analysis. Data are from 140 CRC cases for which survival information was available. *P* = .064, log-rank test. (C) Representative immune-staining of MN. The arrows indicate MNs. (D) Representative immune-staining of HIF1A, cGAS, STING and IRF3. Scale bars represent 400 μm.Figure 5

MN formation in cancer tissues was assayed by LaminB1 staining using both immunofluorescence and immunohistochemistry, both of which proved satisfactory for analysis. For convenience, LaminB1 immunohistochemical staining was used and neutrophils were used as internal references since their lobulated nuclei displayed uniform and consistently strong LaminB1 positivity ([Figure 5](#f0025){ref-type="fig"}*C*). The frequency of MN formation in colorectal cancer tissues was classified (Supplementary Figure S4*B*), and apparently, MN formation was significantly with the presence of poorly differentiated clusters (PDCs) (*P* = .001), with node metastasis (*P* \< .001), and TNM stage (*P* = .049) ([Tables 2](#t0010){ref-type="table"}). There was a positive correlation between the frequency of MN formation and NAT10 expression despite just reach a marginal level in statistics (*P* = .096). Similarly, MN formation was somewhat related to high levels of IRF3 (*P* = .055) and HIF1A (*P* = .065) ([Table 1](#t0005){ref-type="table"}).

There was also a positive correlation between the levels of cGAS and STING (*P* = .028), consisting with the role of cGAS in promoting STING activation. And high IRF3 levels were correlated with increased distant metastasis (*P* = .043) ([Table 2](#t0010){ref-type="table"}).

These results suggest that there could be some correlations between NAT10 expression, MN formation, cGAS-STING pathway activation, and the clinicopathological characteristics of CRC.

In summary, the described study demonstrated that NAT10 could promote MN formation by enhancing DNA replication, and NAT10 related MN could consequently activate cGAS-STING-SASP signaling, and while above interactions could be strengthened in cell stress. There were some positive correlations between above events and the clinicopathological features of CRC. The possible interaction and connection were illustrated in [Figure 6](#f0030){ref-type="fig"}.Figure 6**Schematic diagram illustrating the involvement of NAT10 in MN formation, and activation of cGAS-STING and SASP activity described in present investigation.** ① The expression of NAT10 could augment DNA replication or associated damage, at the same time nucleolar NAT10 also regulates rDNA transcription, to collectively induce formation of MN, which ② usually contains NAT10, DNA and rDNA, where DNA replication or damage and rDNA transcription could make ③ MN recruit cytosolic cGAS through an undefined way, activating its catalyzing to form 2′,3′-cGAMP, which then triggered polymerization of STING at ER. ④ the activated STING induces phosphorylation of IRF3 by recruiting TBK1(TANK binding kinase 1), and ⑤ the phosphorylated IRF3 makes nuclear translocation and mediates the activation of downstream nuclear factor kappa B to stimulate the production of proinflammatory factors such as type I interferon. SASP activity could exert both ⑥ the autocrine effects on tumor cell itself, and ⑦ on tumor microenvironment (TME) in paracrine. On another hand, ⑧ cell stresses could causes oxidative or DNA damage response possibly via cytoplasmic mechanism such as mitochondria ⑨ to enhance the expression of NAT10 and HIF-1A in nucleus ①.Figure 6

Discussion {#s0105}
==========

MN formation is prevalent in a variety of cancer cells, and their existence alongside the primary nucleus indicates genetic instability \[[@bb0125]\]. MN formation can occur in several ways. Although they can form during interphase through nuclear blebbing \[[@bb0130]\], in most cases, MN result from either aberrant mitosis or DNA damage. Aneugens (compounds that interfere with mitotic chromosome segregation) induce the formation of MN that contain complete chromosomes, while clastogens (genotoxic agents) result in MN that contain acentric chromosome fragments resulting from DNA breaks \[[@bb0045]\]. Recently, it was reported that DNA replication stress leads to genomic mutations and chromosome missegregation \[[@bb0135],[@bb0140]\]. Even mild replication stress in cancer cells can induces numerical chromosomal instability through the formation of transiently multipolar spindles caused by premature centriole disengagement \[[@bb0145]\]. Replication stress and MN formation are closely related to G2/M checkpoint adaptation in cancer cells, in which cells exit anaphase prematurely, producing lagging or broken chromosomes that become incorporated in MN. Because of this link to structural chromosomal aberrations, replication stress is a hallmark of cancerous and precancerous lesions \[[@bb0145]\], and our results suggest that it leads to MN formation. In addition, our observations revealed that a portion of the spontaneously formed MN in CRC cells contained nucleolar components of varying size, implying that they could be derived from randomly broken chromosomes caused by DNA damage. This suggests that NAT10 inhibition slows DNA replication, consequently relieving replication stress and associated genetic damage, and reducing MN formation in CRC cells. Similarly, Nocodazole-induced MN formation was also reduced by NAT10 inhibition, via decreased DNA replication and consequently, decreased mitosis. The definitive mechanisms controlling MN formation remain unclear, and our study provides insightful clues regarding their formation in CRC cells.

Chemical inhibition of NAT10 reduces MN formation and nuclear lobulation in Hutchinson-Gilford progeria syndrome cells, possibly by redistributing the microtubules, and NAT10 may be involved in microtubule acetylation \[[@bb0070]\]. Contrary to mitosis, in which microtubules play a major role, it is not clear how microtubules impact DNA replication. Recently, a study revealed that replication stress triggers increased microtubule plus-end growth rates during mitosis, an abnormality previously identified to cause chromosome missegregation in cancer cells \[[@bb0125]\]. This missegregation is suppressed after restoration of proper microtubule growth rates and upon rescue of replication stress \[[@bb0125]\]. NAT10-inhibited cells displayed reduced histone acetylation and increased histone methylation, indicating that its acetylation activity may also be involved.

MN formation is prevalent in precancerous or cancerous cells, but its biological effects have only recently been established. First, MNs are a source of chromothripsis, in which a severely damaged chromosome undergoes complicated rearrangements, promoting genetic instability and cancer progression \[[@bb0135]\]. Second, MN activate cGAS-STING to activate SASP, promoting the production of pro-inflammatory cytokines that regulate tumor progression. cGAS is the cytosolic sensor that recognizes exposed DNA and synthesizes cGAMP, which activates STING \[[@bb0110],[@bb0140]\]. However, how MN mediate cGAS-STING activation in details remains unclear. An early report demonstrated that \>60% of MN experience nuclear envelope disruptions due to defective nuclear lamina, and that exposure of MN DNA recruits cGAS \[[@bb0140]\]. However, more recent studies have demonstrated that DNA damage occurring in MN is crucial to activate the cGAS-STING pathway, in which DNA damage could cause nuclear intact of MN although the detailed mechanism is still clear \[[@bb0155]\]. Our results demonstrate that MN in CRC cells generally contain all nuclear envelope components, such as nuclear lamina, pore complexes, and integral membrane proteins, suggesting that they are intact like the host nuclei. Only a subset of MNs were positive for cGAS, γH2AX, and 53BP1, all of which were consistent with the frequency of SA-β-gal-positive cells, confirming that MN harboring DNA damage have activated cGAS-STING pathways. Moreover, our investigation revealed that some MN contain rDNA elements that are actively transcribed by RNA polymerase I. Previous studies have indicated that MN can undergo DNA replication and subsequent nuclear envelope breakdown as cells enter mitosis \[[@bb0140]\]. Therefore, the replication and transcription occurring in MN may be closely related to the DNA damage observed in them, as a lack of the complete complement of necessary enzymes results in incomplete transcription or replication \[[@bb0140]\]. This could also explain how NAT10 inhibition suppresses MN formation and replication and transcription activities, consequently diminishing cGAS-STING activity.

SASP signaling is a double-edged sword in tumorigenesis. On one hand, cellular senescence is considered a barrier against transformation and overcoming it is crucial for cancer development. Moreover, SASP activation by a STING agonist can suppress cancer growth. On the other hand, there is extensive evidence that SASP promotes the production of pro-inflammatory factors that remodel the tumor microenvironment, promoting tumor progression. One study suggested that cGAS-STING-mediated SASP is a source of genetic instability that promotes cancer metastasis. Our in vitro experiments demonstrate that NAT10 inhibition decreased SASP signaling and cellular senescence in CRC cells. Furthermore, analysis of clinical CRC specimens revealed positive correlations between NAT10 and MN formation as well as SASP signaling, indicating that SASP signaling is oncogenic in advanced CRC, and is regulated by NAT10 and associated MN formation. This study also revealed that cell stress, including oxidative stress and hypoxia, regulates SASP signaling through the overexpression of NAT10 and HIF1A and increased MN formation. Oxidative stress could also disturb replication and promote MN formation.

Taken together, this study demonstrates that NAT10 promotes MN formation by enhancing DNA replication, and that NAT10 related MN activates cGAS-STING-SASP signaling, above of which could be strengthened by cell stress, and correlate with the clinicopathological features of CRC. The investigation expands our understanding of the role NAT10 plays in CRC development and progression.
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[^1]: Note:

[^2]: \(1\) null probability of each correlation, \**P* \< .05;

[^3]: \(2\) spearman rank coefficient for each correlation, positive correlation (Spearman *r* \> 0), negative correlation (Spearman *r* \< 0)

[^4]: Note: \**P* \< .05; For correlations between tumor marker and PDC stage, significance was taken as ^+^*P* ≤ .001
